Hemagglutination (HA) by the mammalian reoviruses is mediated by interactions between the viral cf1 protein and sialoglycoproteins on the erythrocyte surface. Three serotype 3 (T3) reovirus strains were identified that do not agglutinate either bovine or type 0 human erythrocytes (HA negative): T3 clone 43 (T3C43), T3 clone 44 (T3C44), and T3 clone 84 (T3C84). These three strains also showed a diminished capacity to bind the major erythrocyte sialoglycoprotein, glycophorin, in an enzyme-linked immunosorbent assay. To determine the molecular basis for these findings, we examined the deduced cr1 amino acid sequences of the three HA-negative T3 strains and four HA-positive T3 strains. The limited number of sequence differences in the afl proteins of these seven strains allowed us to identify single unique amino acid residues in each of the HA-negative strains (aspartate 198 in T3C43, leucine 204 in T3C44, and tryptophan 202 in T3C84) that cluster within a discrete region of the rl tail. The identification of rl residues important for HA and glycophorin binding suggests that tail-forming sequences are exposed on the virion surface, where they interact with carbohydrate residues on the surface of cells.
Many animal viruses, including the mammalian reoviruses, agglutinate erythrocytes in vitro (5, 21) . In most cases, hemagglutination (HA) occurs through the interaction of virion surface proteins with carbohydrate groups attached to proteins on the erythrocyte surface (5) . Reovirus strain type 3 Dearing (T3D) binds glycophorin, the major sialoglycoprotein on the surface of human erythrocytes (20) . Although the biologic importance of HA is not known for most viruses, protein-carbohydrate interactions similar to those required for erythrocyte agglutination may play a role in viral receptor recognition during productive infection of nucleated cells. Binding to carbohydrate ligands on the cell surface is required for receptor recognition by influenza viruses (31) and may also play a role in recognition of L-cell receptors by reoviruses (1, 11, 12, 19, 20) .
The reovirus hemagglutinin is the S1 translation product al (6, 15, 20, 30) . The crl protein is also the cell attachment protein (14, 28, 32) and is responsible for cell and tissue tropism (18, 25, 28, 29) . Electron micrographs of al suggest that the protein has the morphology of a fibrous tail (T) and a globular head (H) (2, 10) . Recent studies of ul structure suggest that the protein is further subdivided into discrete morphologic domains [T(i), T(ii), T(iii), T(iv), and H] (9) that have distinct sequence characteristics (17) . In this study, we examined the deduced cl amino acid sequences of a group of T3 reovirus strains that vary in their capacities to agglutinate erythrocytes and to bind glycophorin in order to investigate the structural basis for these al-associated functions.
We first investigated the capacity of 10 T3 field isolate strains (7, 13, (22) (23) (24) and the prototype strains Ti Lang (T1L) and T3D to agglutinate erythrocytes. Purified virions (10) were serially diluted twofold from 2.0 x 1011 to 1.0 x 108 particles in 0.05 ml of cold phosphate-buffered saline and placed into 96-well round-bottom microtiter plates (Costar, Cambridge, Mass.). Either citrate-preserved bovine (Colorado Serum, Denver, Colo.) or type 0 human erythrocytes were washed twice in cold phosphate-buffered saline and suspended at a concentration of 0.8% (vol/vol). Erythrocytes (0.05 ml) were added to wells containing virus and incubated at 4°C for a minimum of 2 h. The smallest number of virion particles sufficient to produce HA was designated to equal 1 HA unit. The HA titer was defined as the number of HA units per 2 x 1011 particles, the largest number of virion particles used in these assays.
The 11 T3 strains examined in this study exhibited striking differences in their capacities to agglutinate bovine and human erythrocytes ( Table 1 ). The HA titers of strains T3C43, T3C44, and T3C84 were <1 in assays using either bovine or human erythrocytes (HA negative). The HA titers of the other T3 strains were -128 in assays using bovine erythrocytes and .16 (with a single exception) in assays using human erythrocytes (HA positive). Agglutination of bovine erythrocytes has been suggested to be a property common to all serotype 3 reovirus isolates (8); however, Burstin et al. (6) according to the method of Virgin et al. (27) . Plates were then incubated with either biotinylated glycophorin or biotinylated asialoglycophorin (human glycophorin; Sigma). Virus binding to biotinylated glycophorin or biotinylated asialoglycophorin was detected with peroxidase-conjugated streptavidin by using 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma) as substrate. Optical density at 570 nm was determined by using an enzyme-linked immunosorbent assay reader (Dynatech Laboratories, Inc., Alexandria, Va.), and virus binding was expressed as optical density units x 1,000. The HA-negative T3 strains bound to glycophorin with less avidity than any of the HA-positive strains ( Fig. 1) . The relative binding of reovirus strains to human glycophorin correlated well with their HA titers in assays using bovine erythrocytes. Glycophorin binding by TlL (HA negative in assays using bovine, but not human, erythrocytes) was previously shown to be less than glycophorin binding by T3D (Tyler and Virgin, unpublished data). We TlL  <1  512  T3D  512  16  T3C8  128  16  T3C9  256  32  T3C18  1,024  32  T3C31  1,024  32  T3C43  <1  <1  T3C44  <1  <1  T3C45  512  2  T3C84 <1 <1 To identify amino acids in crl that might be associated with the crl properties of HA and glycophorin binding, we examined the crl amino acid sequences of seven closely related T3 strains (7) for residues unique to HA-negative strains (Fig.  2) . The crl sequences of these seven T3 strains have differences at only 19 amino acid positions in the 455-amino-acid sequence. We found that the a1 sequence of each HAnegative strain contains a single unique residue (aspartate 198 in T3C43, leucine 204 in T3C44, and tryptophan 202 in T3C84) and that these residues cluster within the crl tail. This analysis suggests that a discrete region of sequence within the crl tail is important for the capacity of T3 reovirus strains to agglutinate erythrocytes and to bind glycophorin. The single unique residues in HA-negative strains are located between amino acids 198 and 204 and are included in the region of sequence proposed to form morphologic region (17) . A long conserved region (amino acids 185 to 230) was identified within this morphologic region of al in a comparison of a1 protein from 11 T3 strains (7). Four amino acids were changed in this long conserved region: the single unique residues in the three HA-negative strains and leucine 195 in T3C45. While the T3C45 HA titer in assays using bovine erythrocytes was not appreciably different from other HA-positive strains, its HA titer in assays using type 0 human erythrocytes was eightfold lower than that of any other HA-positive strain (Table 1) . Leucine 195 in T3C45 is adjacent to the region of sequence identified as important for HA and could effect a change in al conformation in this region. Such a change could conceivably affect lattice formation required for the agglutination of human erythrocytes by T3C45 without affecting its binding to glycophorin (Fig.   1) . Alternatively, the difference in HA by T3C45 in assays using bovine and human erythrocytes (Table 1 ) may reflect differences in the accessibility and/or chemical nature of the carbohydrate residues on these two cell types that are bound by crl.
The region of sequence in T3 a1 identified as important for HA and glycophorin binding corresponds to a single p-strand within a proposed large amphipathic p-sheet region in the arl tail (17) . In the model for crl oligomerization proposed by Nibert et al. (17) , apolar residues that form one face of the p-sheet provide intersheet hydrophobic interactions to create a dimeric cross-1 sandwich. As shown in Fig. 3 , unique amino acids in HA-negative strains would be part of the hydrophilic face of the P-sheet and might be exposed at the protein surface where they could function in HA and glycophorin binding. Alternatively, these residues could affect HA and glycophorin binding through a more indirect mechanism (e.g., by altering the conformation of a crl carbohydrate-binding region at a distant site).
This study, in conjunction with previous work, suggests that hemagglutination is mediated by a structural region of cr1 that is distinct from that mediating type-specific neutralization, tissue tropism, and L-cell binding. Anti-al monoclonal antibodies were identified that were able to neutralize T3 strains but unable to inhibit HA; conversely, other anti-arl monoclonal antibodies were identified that were able to inhibit HA by T3 strains but unable to neutralize (6) . These studies suggest that the functions of neutralization and HA are mediated by spatially separated regions of crl. Variants of T3D that are resistant to neutralization by type-specific anti-al monoclonal antibodies (26) have an altered pattern of central nervous system tropism in comparison with T3D (25) . These variants have amino acid substitutions at residues 340 and 419 (4). Thus, sequences important for the binding of neutralizing monoclonal antibodies and for determining central nervous system tropism are widely separated from sequences identified in this study as important for HA and glycophorin binding (amino acids 198 to 204). Studies of a1 deletion mutants expressed in Escherichia coli (16) and studies of protease digestion products of T3D crl (33) showed that sequences in the carboxy-terminal one-half of crl are sufficient to mediate L-cell binding but not HA. This suggests that crl sequences important for L-cell binding are also distinct from those important for HA.
Observations made in this study suggest that residues important for HA and glycophorin binding reside in a discrete region of the cr1 tail. Binding to carbohydrate ligands is important for reovirus binding to L cells and to erythrocytes (1, 11, 12, 19, 20) and is likely to be mediated by the region of sequence within the cr1 tail that we have identified as important for HA and glycophorin binding. However, in other studies, a region of sequence identified as sufficient for L-cell binding (16, 33) is predominantly contained within the a1 head (17 
